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Abstract  
Introduction: Current knowledge of the fetoplacental vasculature in fetal growth restriction (FGR) 
due to placental dysfunction focuses on the microvasculature rather than the macrovasculature. The 
aim of this study was to investigate the feasibility of computed topography angiography to analyze the 
fetoplacental macrovasculature in normal and FGR pregnancies. Material and methods: We included 
29 placentas (22-42 weeks’ gestation) from normal birthweight pregnancies and 8 placentas (26-37 
weeks’ gestation) from FGR pregnancies (birthweight < -15% and abnormal umbilical Doppler flow). 
We performed postpartum placental computed topography angiography followed by semi-automatic 
3D image segmentation. Results: A median of 9 (range 7-11) vessel generations was identified. In 
normal birthweight placentas, gestational age was positively linearly correlated with macrovascular 
volume (p=0.002), vascular surface area (p<0.0005), and number of vessel junctions (p=0.012), but 
not with vessel diameter and inter-branch length. The FGR placentas had a lower weight (p=0.004) 
and smaller convex volume (p=0.022) (smallest convex volume containing the macrovasculature), 
however macrovascular volume was not significantly reduced. Hence, macrovascular density given as 
macrovascular outcomes per placental volume was increased in FGR placentas: macrovascular 
volume per convex volume (p=0.004), vascular surface area per convex volume (p=0.004), and 
number of vessel junctions per convex volume (p=0.037). Conclusions: Evaluation of the 
fetoplacental macrovasculature is feasible with computed topography angiography. In normal 
birthweight placentas, macrovascular volume and surface area increased as pregnancy advances by 
vessel branching rather than increased vessel diameter and elongation. The FGR placenta was smaller; 
however the macrovascular volume was within normal range because of an increased macrovascular 
density. 
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Key message 
Placental computed topography angiography provides new insights in the fetoplacental 
macrovasculature. In normal pregnancy, macrovascular volume increases by vessel branching rather 
than vessel elongation. The fetal growth restriction placenta is smaller, however the macrovascular 
volume is maintained because of an increased vascular density. 
 
Introduction 
Placental dysfunction leading to fetal growth restriction (FGR) complicates 3% of all pregnancies and 
is associated with adverse neonatal outcomes(1). The underlying cause of placental dysfunction is not 
completely understood, but maternal malperfusion leading to placental hypoxia and subsequent 
abnormal development of the fetoplacental vasculature is a possible etiology(2).  
The human fetoplacental vasculature consists of the conductive part; chorionic vessels, stem 
villi vessels, intermediate villi vessels, and the functional unit; the terminal villi capillaries. Current 
knowledge on the fetoplacental vasculature in FGR pregnancies predominantly focuses on the 
microvasculature including the intermediate and terminal villi vessels. Several studies report a 
hypovascularized microvasculature of the FGR placenta with reduced vascular volume and surface 
area of the terminal villi capillaries due to fewer vessel branches and vessel elongation(3,4). On the 
contrary, the fetoplacental macrovasculature, considered as the chorionic vessels and stem villi 
vessels, is only sparsely described. In the FGR placenta, the total macrovascular volume is 
reduced(5). However, conflicting evidence exists regarding the macrovascular branching pattern of 
the FGR placenta, as some studies indicate an abnormal pattern with magistral branching(6), a 
reduced number of stem villi vessels(7), and discrepancies in vessel length density(8), while others 
demonstrate a normal macrovascular branching pattern(9,10).  
Further knowledge of the fetoplacental macrovasculature may improve our understanding of 
the placental pathology associated with FGR. Imaging technologies such as computed-tomography 
angiography (CTA)(11) and magnetic resonance angiography(11–13) provide new insights in the 
entire fetoplacental vasculature. Therefore, the aim of this study was to explore the feasibility of 
postpartum placental CTA with subsequent automatic 3D image segmentation as a method for 
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Material and methods 
We included 29 placentas at 22-42 weeks’ gestation from singleton pregnancies with normal 
birthweight (BW) ≥ -15% (Z-score ≥ -1.28)(14), and 8 placentas at 26-37 weeks’ gestation from 
singleton pregnancies complicated by FGR defined as BW < -15% and abnormal umbilical Doppler 
flow (Pulsatility index Z-score > 2)(15). All placentas were collected at Aalborg University Hospital, 
Denmark, between July 1, 2015 and June 1, 2016. Maternal and pregnancy characteristics of the 
included placentas are presented in Table 1. Clinical data were collected from medical records and the 
electronic ultrasound database Astraia version 1.24.7 (Astraia Software GmbH, Munich, Germany).  
Immediately after delivery, the placenta was stored in a freezer at -5°C. On the day of CTA, the 
placenta was thawed and photographed on a scale bar (Figure 1, A and D). The umbilical vessels were 
cannulated 5cm from the umbilical cord insertion and flushed with a saline 9mg NaCl/ml and Heparin 
4.5IE/ml (Leo Pharma A/S, Ballerup, Denmark) solution until the venous efflux was clear. A heated 
(<40°C) contrast mixture of gelatin 0.05g/ml (Urtegaarden Djursland, Allingåbro, Denmark), barium 
sulphate 0.17g/ml (E-Z Em Inc, Westbury, NY, USA), and saline 9mg NaCl/ml was then injected 
with a hand syringe. When the contrast mixture appeared in the venous efflux, the vein was plugged, 
and injection was continued until resistance was felt. Hereafter the placenta was cooled (5°C) to set 
the gelatin solution. The placental preparation is a modified version of the preparation in the study by 
Langheinrich et al(16,17).  
CTA was performed using a 128-slice Siemens SOMATOM Definition Flash scanner (Siemens 
Healthcare GmbH, Erlangen, Germany) with software version VA48A within two hours after 
preparation. The scanning parameters included 0.6mm slice thickness, increment of 0.4mm, a pitch of 
1°, 140kV, effective 200mAs, and a rotation time of 1sec. DICOM data were exported to AW Server 
version 3.0 (GE Healthcare, Little Chalfont, Great Britain) for 3D reconstruction of the fetoplacental 
macrovasculature (Figure 1, B and E). 
In an in-house program written in MatLab (The Mathworks Inc., Natick, MA, USA), tubular 
structures were enhanced with a multi-scale vessel enhancement filtering method(18,19).  On the 
filtered images, vessel segmentation was applied with an initial segmentation using the clustering 
method Fuzzy c-means, and hereafter a graph cut segmentation was performed(20,21). An automatic 
post-processing step confirmed that only connected vessel structures were included. Lastly, a skeleton 
(center line) of the vessels were computed(22) (Figure 1, C and F). All segmentations were visually 
controlled. Only one normal BW placenta was excluded from further analysis due to presence of 
extravascular contrast seen on placental 3D reconstruction. A manual correction was added to the 
segmentation in 42% (15/36) of the angiographies. Based on the 3D vessel segmentation the 
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diameter, number of vessel junctions, mean inter-branch length, and size of the segmented 
fetoplacental macrovasculature (estimated as convex volume representing the smallest convex volume 
that contains the macrovasculature) (Figure 2). 
In all placentas a pathological macro- and microscopic examination was performed according 
to a standard protocol(23) by an experienced placental pathologist (AP), who was blinded to the CTA 
macrovascular outcomes but not the clinical information. Only abnormal findings such as abnormal 
umbilical cord and signs of placental vascular malperfusion (PVM) defined as signs of maternal 
and/or fetal vascular malperfusion(23) were reported in this study.  
In normal BW placentas, the relationship between the macrovascular outcomes and gestational 
age (GA) was estimated using linear regression. Standardized variables (Z-scores) of the 
macrovascular outcomes were calculated based on the normal BW placentas. The macrovascular 
outcomes were compared between groups using the mean or median Z-scores to adjust for GA and 
independent Student t-test or Mann-Whitney U-test. Differences were considered significant if 
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With CTA and subsequent semi-automatic 3D image segmentation a median of 9 (range 7-11) 
generations of fetoplacental blood vessels was visualized in normal BW placentas as well as in FGR 
placentas. As demonstrated by the side-views, the segmentation includes the chorionic vessels on the 
fetal side of the placental surface and proceeds into the stem villi vessels perpendicular to the 
placental surface (Figure 1, C and F).  
In normal BW placentas, a positive linear correlation was demonstrated between GA and 
convex volume (r=0.787, p<0.0005), macrovascular volume (r=0.556, p=0.002), surface area 










This article is protected by copyright. All rights reserved. 
macrovascular volume was 15.5ml and in gestational week 40 26.7ml. No correlation was found 
between GA and mean vessel diameter and mean inter-branch length (Table 2 and Figure 3).  
The FGR placental weight was reduced (p=0.004) and the convex volume containing the 
macrovasculature was smaller (p=0.022) when compared to the normal placenta at equivalent GA, 
however the macrovascular volume was not significantly reduced (p=1.000). In the FGR placentas, 
the macrovascular density, given as the vascular outcome per convex volume, was significantly 
increased when compared to the normal placenta at equivalent GA; macrovascular volume per convex 
volume (p=0.004), surface area per convex volume (p=0.004) and number of vessel junctions per 
convex volume (p=0.037). Data are presented in Table 3 and Figure 3. 
The major placental pathological findings are presented in Table 4. Seven out of eight FGR 
placentas and seven out of 28 normal BW placentas exhibited signs of PVM. Placentas with major 
placental pathological findings are characterized in Supporting Information Table S1.   
 
Discussion 
This study demonstrates that analysis of the fetoplacental macrovasculature is feasible with CTA and 
subsequent semi-automatic 3D image segmentation. Our data indicate that in normal BW placentas, 
the macrovascular volume and surface area increases during pregnancy due to vessel branching rather 
than increased vessel diameter and vessel elongation. The FGR placenta is smaller when compared to 
the normal BW placenta at equivalent GA; however surprisingly, the total macrovascular volume is 
not significantly reduced. In the FGR placenta, the macrovascular volume remains within the normal 
range in spite of a smaller placental size because of an increased macrovascular density.  
Our study had some methodological limitations. Some underestimation of the segmented 
macrovascular volume may have been present due to intravascular blood clots. In this study, the 
placentas were frozen postpartum and flushed with heparinized saline - both is known to reduce blood 
clotting(24). Following the automatic 3D image segmentation, a manual segmentation was added to 
correct for any under-segmentation. In this study, we visualized up to eleven generations of the 
fetoplacental blood vessels including chorionic and stem villi vessels. Previous studies on placental 
magnetic resonance angiography(12,13) and placental CTA and magnetic resonance angiography(11) 
have demonstrated four(12) to six(11) generations of fetoplacental blood vessels. The improvement of 
vessel visualization of our study might rely on the specific preparation of the placenta and the semi-
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Strength of this method is the demonstration of the entire fetoplacental macrovasculature, 
which is an advantage when compared to studies based on placental biopsies(7,10). The placenta is a 
heterogeneous structured organ, and the vascular pathology might be unevenly distributed within the 
organ. In addition 3D imaging provides information of spatial vessel architecture including vessel 
surface area and vessel branching pattern, which is not available by conventional 2D imaging(25). 
Another strength of CTA is that it allows subsequent placental pathological examination, which is not 
available following corrosion casts. Furthermore, the semi-automatic 3D image segmentation enables 
an objective and quantitative vascular analysis.  
Another strength of this study is the placental pathological examination to confirm that low BW 
pregnancies are caused by placental dysfunction. The majority of the FGR cases (seven out of eight, 
86%) demonstrated pathological signs of PVM. Placental examination also revealed signs of PVM in 
seven out of 28 normal BW placentas (25%). These findings are in accordance with a previous study 
demonstrating PVM in a small proportion of normal pregnancies and normal placental examination in 
a small proportion of FGR pregnancies(26). Another strength was adjusting for GA in the data 
analysis. This is highly important, as the placental vasculature changes dramatically as pregnancy 
advances(27). A limitation of the study design is the small number of normal BW placentas especially 
from early GA and the number of FGR placentas. Yet the strict inclusion criteria was set to select 
FGR cases caused by placental dysfunction and not just constitutionally small cases.  
In the normal BW placentas, we found that the fetoplacental macrovascular volume and surface 
area increases linearly with GA, and our data indicated that vessel branching rather than increasing 
vessel diameter or vessel elongations dominate this macrovascular growth. These findings are in 
contrast to previous reviews reporting that stem villi vessel growth in normal pregnancies is 
characterized by branching angiogenesis until mid-gestation followed by non-branching angiogenesis 
in the third trimester(28). This difference may be explained by the analysis of the entire fetoplacental 
macrovasculature (chorionic vessels as well as stem villi vessels) in this current study.  
In this study the macrovascular volume was 15.5ml in gestational week 30 and 26.7ml in 
gestational week 40. Based on previous literature, the extra-fetal vascular volume should account for 
approximately one third of the total fetal vascular volume(29), which is known to be far more than the 
volume estimated by CTA in this study. Our findings suggest that the peripheral placental 
microvasculature, which is not segmented by this method, contains a considerable amount of the fetal 
blood. In addition, fetal blood contained in the umbilical cord may also have contributed to this 
difference. 
When comparing normal BW and FGR placentas at equivalent GA, we demonstrated that the 
weight of the FGR placenta was reduced. This finding is in accordance with previous FGR 
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volume did not differ significantly from that in normal BW placentas. This finding may be in contrast 
to a previous study on corrosion casting by Gong et al(5) reporting significantly reduced fetoplacental 
vascular volume in FGR placentas. In that study, however, the fetoplacental vascular volume was 
estimated as the total volume of perfusate needed to fill the total fetoplacental vasculature. Thus, both 
the fetoplacental micro- and macrovasculature was analyzed, which may explain the opposing results. 
According to our data, the macrovascular volume of the small FGR placenta remained within normal 
range because of an increased macrovascular density. The increased vascular density is in contrast 
with previous studies based on stereological and histological analysis of placental biopsies 
demonstrating that FGR placentas have a reduced length of stem villi vessels per length of villi in 
preterm FGR(10) or a reduced number of stem villi arteries per microscopic field(7). One explanation 
of the opposing findings could be that our study is based on CTA with 3D image segmentation of the 
entire macrovasculature including the chorionic vessels rather than placental biopsies.  
Several studies suggest that the placental pathology associated with early- and late-onset 
FGR(31) may differ. Because of the small number of FGR cases included in this study, we did not 
perform any subgroup analysis. However, future studies in placental CTA may be able to demonstrate 
important vascular differences between the two FGR types.  
In conclusion, investigation of the fetoplacental macrovasculature is feasible with CTA and 
subsequent 3D image segmentation. Important characteristics were revealed regarding the normal 
fetoplacental macrovascular development. By using postpartum placental CTA we found that the 
FGR placenta was smaller, however the macrovascular blood volume remained within normal range 
because of an increased macrovascular density. Our study underlines CTA as a promising research 
method to analyze the fetoplacental macrovasculature. 
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Supporting Information legend 
Table S1. Characteristics of placentas with major placental abnormalities. 
 
Figure legends 
Figure 1: Images of a normal birthweight placenta (A, B and C) and a gestational-age-matched fetal 
growth restriction (FGR) placenta (D, E and F). Macroscopic photography (A and D), 3D 
reconstructions of the major fetoplacental blood vessels (B and E) and the skeleton (centre line) of the 
blood vessels obtained from the semi-automatic 3D image segmentation layered on a maximum 
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Figure 2: Illustration of the vascular outcome convex volume (ml) (blue line) on a maximum intensity 
projection image with skeleton line of the segmented vessels (red lines). 
 
Figure 3: Associations between gestational age and (A) convex volume, (B) vascular volume, (C) 
surface area, (D) mean vessel diameter, (E) number of vessel junctions, (F) mean inter-branch length, 
(G) vascular volume per convex volume, (H) surface area per convex volume, and (I) number of 
vessel junction per convex volume in normal birth weight placentas (circles). The solid lines indicate 
ordinary least squares fit and 95% PI. The dashed lines indicate 95% CI. The squares represent the 
FGR placentas.   
 
Tables 
Table 1: Maternal and pregnancy characteristics in normal birthweight (BW) group (N=28) and fetal 
growth restriction (FGR) group (N=8). 
Characteristics Normal BW group FGR group p-value 
Maternal age, yr 30.0 (4.6) 28.3 (6.0) 0.387 
Maternal smoking, % 14.3 (4/28) 0.0 (0/8) 0.230 
Maternal BMI, kg/m2 25.6 (5.1) 27.5 (6.9) 0.391 
Nullipara, % 50.0 (14/28) 50.0 (4/8) 1.000 
Pre-eclampsia
a
, % 0.0 (0/28) 37.5 (3/8) 0.008 
Gestational age, weeks  37.6 (33.1 – 40.5) 34.6 (26.8 – 36.7) 0.077b 
Birthweight, Z-score 0.00 (-0.56 – 0.47) -2.21 (0.37) <0.0005b 
Placental weightc, Z-score 0.00 (0.98) -1.25 (1.11) 0.004 
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Data are given as mean (SD), median (IQR) or % (n/N). 
aDiagnostic criteria: Pre-eclampsia (hypertension (systolic blood pressure>140mmHg and/or diastolic blood 
pressure>100mmHg) and proteinuria (0.3g/24hour) or severe pre-eclampsia (diastolic blood 
pressure>110mmHg and/or subjective symptoms and abnormal blood samples). 
bComparison is based on Mann-Whitney U-test. 
cUnfixed placenta weight. 
 
 
Table 2: Correlation between gestational age and macrovascular outcomes extracted with 3D image 
segmentation in normal birthweight placentas (N=28). 
 
Macrovascular outcome r p-value 
Macrovascular volume (ml) 0.566 0.002 
Surface area (mm2) 0.631 <0.0005 
Mean vessel diameter (mm) 0.209 0.285 
Number of vessel junctions 0.466 0.012 
Mean inter-branch length (mm) 0.016 0.936 
Convex volume (ml) 0.787 <0.0005 
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Table 3: Fetoplacental macrovascular outcomes: fetal growth restriction (FGR)= placentas (N=8) 
compared to normal birthweight (BW) placentas (N=28). 
 
Macrovascular outcome FGR group p-value 
Macrovascular volume, Z-score -0.21 (0.86) 1.000a 
Surface area, Z-score -0.42 (1.00) 0.695a 
Mean vessel diameter, Z-score -0.42 (0.95) 0.358a 
Number of vessel junctions, Z-score -0.24 (0.89) 0.537a 
Mean inter-branch length, Z-score -0.41 (1.11) 0.320 
Convex volumeb, Z-score -1.06 (1.49) 0.022 
Macrovascular volume per convex volume, Z-score 1.51 (1.88) 0.004 
Surface area per convex volume, Z-score 1.52 (1.92) 0.004 
Number of vessel junctions per convex volume, Z-score 1.02 (1.73) 0.037 
 
Data are given as mean (SD). 
aComparison is based on Mann-Whitney U-test. 


















This article is protected by copyright. All rights reserved. 
Table 4: Major placental abnormalitiesa in normal birthweight (BW) placentas (N=28) and fetal 








Placental vascular malperfusion 25.0 (7/28) 88.9 (8/9) 
- Maternal vascular malperfusion 7.0 (2/28) 55.6 (5/9) 
- Fetal vascular malperfusion 





Marginal umbilical cord insertion (<1cm from the nearest margin) 11.0 (3/28) 0.0 (0/9) 
Hypocoiled umbilical cord (<1 coil per 10cm) 10.7 (3/28) 0.0 (0/9) 
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